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DIFFERENTIAL SPECIFICITY OF ACOUSTIC MEASURES TO 
LISTENER PERCEPTION OF VOICE QUALITY 
CAROLYN CALABRESE  
ABSTRACT 
 The purpose of this project was to differentially examine the specificity of two 
acoustic measures, relative fundamental frequency (RFF) and the cepstral/spectral index 
of dysphonia (CSID), to listener perceptions of voice quality across four dimensions: 
breathiness, roughness, strain/vocal effort, and overall severity. An auditory perceptual 
experiment was conducted to estimate listener perception of said dimensions. The 
Pearson’s correlation coefficient between RFF, CSID, and the perceptual ratings of voice 
quality was calculated in order to comment on the relationship between calculations of 
RFF and CSID and the current “gold standard” of listener perception. The hypothesis for 
this project was that measures of RFF would have a strong negative correlation with 
listener perception of strain/vocal effort, and that measures of CSID would have a strong 
positive correlation with listener perception of overall severity and breathiness. An 
unexpected result with a significant impact was found to be that listeners’ ratings of the 
four voice qualities were highly correlated with one another. Unfortunately, the poorly 
differentiated perceptual ratings significantly impact the validity of this project in 
addition to hindering any reliability of its results. Thus overall, the correlations between 
measures of RFF, CSID, and distinct qualities of listener perception are rendered 
uninterpretable. Methodological considerations and future directions are henceforth 
reported. 
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Introduction 
Vocal hyperfunction encompasses a wide range of voice disorders characterized 
by abuse or misuse of the vocal mechanism “due to excessive and/or imbalanced 
muscular forces” (Hillman, Holmberg, Perkell, Walsh, & Vaughn, 1989). Abnormal 
pitch, loudness, and vocal quality can result as a function of vocal fold pathology such as 
nodules, polyps, thickening, or edema as well as in the absence of organic changes, 
indicating a behavioral component (Ramig & Verdolini, 1998). Given that vocal quality 
is an inherently perceptual phenomenon, vocal hyperfunction is often judged on a variety 
of distinct parameters, including but not limited to breathiness, roughness, strain or vocal 
effort (VE), and overall severity (OS). Following this convention, hyperfunctional voice 
is most often associated with a strained, effortful quality (Rosen, 2008; Solomon, 2008).   
 The prevalence of voice disorders in the general population has been reported at 
6.6%, with a lifetime prevalence rate of 29.9% (Roy, Merrill, Gray, & Smith, 2005). Risk 
factors often include vocal use patterns in the context of occupational demands, as the 
prevalence of voice disorders in professional voice users such as teachers is reportedly 
increased to 11.0% (Roy et al., 2004). Reduced economic productivity due to voice-
related work absences and the inability to perform certain work related tasks is likely 
large given the prevalence estimates for specific subsets of the population. The functional 
impact of having a voice disorder includes a myriad of psychosocial, occupational, and 
health related repercussions (Jaywant & Pell, 2010; Merrill, 2013). Thus, behavioral 
voice therapy programs are especially critical in reducing the sequelae of voice disorders.  
 The measurement of efficacy of treatment for vocal hyperfunction implicated in a 
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range of voice disorders depends on the precision of assessment tools and the ability to 
quantify change over time (Dunnet, Mackenzie, Sellars, Robinson, & Wilson, 1997). 
Unfortunately, current assessment protocols of vocal hyperfunction vary widely in their 
methodology and subsequent accuracy in measuring treatment outcomes (Roy, 
Barkmeier-Kraemer, Eadie, Sivasankar, Mehta, Paul, & Hillman, 2013). Furthermore, the 
majority of current research on assessment of vocal hyperfunction is centered on 
detecting the presence or absence of a voice disorder, followed by determining the 
etiology, and lastly quantifying the severity (Roy et al., 2013). Thus, there is a pressing 
need to explore the means for creating a comprehensive battery of assessment tools that 
accurately quantify the severity of vocal hyperfunction in order to track treatment 
outcomes (Ma & Yiu, 2006). Tracking treatment outcomes is vital in the quest to evaluate 
the efficacy of treatment approaches, especially as the push for incorporating evidenced 
based practice (EBP) surges in the allied health professions such as speech-language 
pathology and within the field of voice disorders (Dollaghan, 2007).  
 Vocal hyperfunction can be assessed in multiple ways, offering clinicians and 
researchers alike with a holistic client profile. One common clinical method depends on 
listener perception where clinicians rate the client’s vocal quality across a range of 
dimensions using standardized scales. One such scale is the Consensus Auditory-
Perceptual Evaluation of Voice (CAPE-V), a visual analog scale that reports six potential 
dimensions of voice quality, including roughness, breathiness, strain, pitch, loudness, and 
overall severity. Another scale is the GRBAS, an ordinal-rank scale that stands for grade 
or overall severity (G), roughness (R), breathiness (B), asthenia or weakness (A), and 
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strain (S) (Hirano, 1981). Notable differences in reliability, validity, and the overall 
clinical utility of these and other scales contribute to the contentious nature of auditory-
perceptual assessment tools (Wuyts, De Bodt, & Van de Heyning, 1999; Zraick et al., 
2011). Furthermore, it is well-documented that listener experience plays a significant role 
in qualitative judgments of voice quality, making auditory-perceptual measures extremely 
difficult to control for (Dejonckere, Obbens, de Moor, & Wieneke, 1993; Eadie & 
Baylor, 2006; Eadie, Van Boven, Stubbs, & Giannini, 2010; Helou et al., 2010; Kreiman, 
Gerratt, & Precoda, 1990). However, Granqvist (2003) has demonstrated that the inter- 
and intra-rater reliability can be improved by employing a visual sort rate method (VSR). 
This is most likely due to the fact that listeners are given the opportunity to compare 
stimuli to each other in VSR rather than to a potentially variable internal standard. This 
effectively eliminates the need for the use of auditory anchors, which can be problematic 
in voice disorders because it is hard to find voice samples that differ on one dimension 
only.  
Although current practices in judging vocal quality require listeners to parse the 
speech stimuli into distinct categories, research on auditory perception belies this 
convention. Global judgments of overall severity appear more clinically reliable and valid 
given that perception of vocal quality may very well be a gestalt process (Kreiman, 
Gerratt, & Ito, 2007). Intrinsic difficulties in perceiving specific parameters of vocal 
quality thus undermine the utility of auditory-perceptual rating methods, regardless of the 
type of scale used (Eadie & Baylor, 2006; Helou et al., 2010). That a “gold standard” 
auditory-perceptual measure or universally accepted construct of voice quality does not 
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exist hinges on the limitations of reliability and validity inherent in a subjective tool 
(Bele, 2005). Despite the fact that these issues plague the overall accuracy of auditory-
perceptual scales, it remains important to incorporate such measures in conjunction with 
objective tools in order to provide a comprehensive assessment and quantify change over 
time in response to therapy (Bhuta, Patrick, & Garnett, 2004; Speyer, Wieneke, & 
Dejonckere, 2004).  
 In addition to auditory-perceptual measures of voice quality, clinicians regularly 
employ visual-perceptual methods such as endoscopy and tactile perception through 
palpation of the neck musculature as a means of qualitatively assessing vocal 
hyperfunction. In terms of visual-perceptual methods, laryngeal endoscopic imaging 
techniques have been shown to be sensitive in detecting the presence of vocal fold 
pathology as well as determining the nature of the disorder. However, the paucity of 
current research on visual-perceptual methods in quantitatively assessing the severity of 
vocal hyperfunction would be improved by further testing on more specifically defined 
patient groups (Roy et al., 2013). That laryngeal endoscopy is sensitive in detecting the 
presence and nature of a voice disorder but not in quantifying the severity of perceived 
vocal quality appears to be an anticipated limitation given the fact that not all vocal 
hyperfunction is a result of vocal fold pathology. Additionally, neck palpation is another 
subjective technique commonly used in the clinical evaluation and management of vocal 
hyperfunction. Clinicians palpate the extrinsic laryngeal and superficial neck musculature 
in an attempt to reveal excessive, obvious tension that is thought to co-occur with and 
contribute to vocal hyperfunction (Aronson, 1990). Unfortunately, the inter-rater 
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reliability of neck tension palpation rating scales is low, and these measures have not 
been proven to adequately capture changes from one voice therapy session to the next 
(Stepp et al., 2011). A major limitation of the two scales included in the study by Stepp et 
al. (2011) was the lack of an option for bilateral discrimination when reporting 
asymmetries in muscular tension. The broad, non-specific nature of such scales 
contributes to their diminished clinical utility in tracking change over the course of 
therapy.  
 So far, the clinical methods discussed for assessing vocal hyperfunction rely 
heavily on a clinician’s subjective judgment and professional experience. The evidence 
from these clinical methods reveals pervasive limitations in reliability and validity that 
hinder accurate assessment of vocal hyperfunction and evaluation of treatment effects. 
Current objective methods under examination in the literature include neck surface 
electromyography (sEMG), aerodynamic measures, and acoustic analyses. Neck surface 
EMG entails placing electrodes on the extrinsic laryngeal muscles and having subjects 
produce vocalizations including sustained vowels, scripted sentences and paragraphs, and 
spontaneous speech in an effort to collect data on muscle tension (Balata, Silva, Moraes, 
Pernambuco, & Moraes, 2013). However, recent research has shown that sEMG is not 
necessarily a sensitive measure in quantifying the level of vocal hyperfunction or tracking 
change across treatment, rendering the method clinically insufficient (Stepp, Heaton, 
Jetté, Burns, & Hillman, 2010; Van Houtte, Claeys, D’haeseleer, Wuyts, & Van Lierde, 
2013).  
Aerodynamic assessments of vocal hyperfunction include measurements of 
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subglottal pressure, glottal resistance, and mean airflow rate, among others. Current 
research has examined the utility of using aerodynamic assessment in classifying patients 
with muscle tension dysphonia to different ends (Gillespie, Gartner-Schmidt, Rubinstein, 
& Abbott, 2013; Zheng et al., 2012). In a study by Holmberg, Doyle, Perkell, 
Hammarberg, and Hillman (2003) where aerodynamic measurements were used to 
quantify change due to treatment, large variability in session-to-session baseline data 
limited the significance of their findings, indicating that aerodynamic measurements are 
likely not sufficiently repeatable to be used for this purpose. In addition, vocal fold 
pathology potentially confounded results, meaning the heterogeneity of etiologies 
included in the study limited the generalizability of the outcomes. Also Misono & Merati 
(2012) note that aerodynamic measures may not necessarily be considered truly objective 
“because of the need for behavioral investment on the part of both patient and clinician to 
obtain representative phonatory samples.” The relevance and validity of collecting speech 
samples in unnatural phonetic contexts may falsely inflate or diminish vocal 
performance.  
 Acoustic analysis is a third objective method for quantifying the severity of vocal 
hyperfunction currently under scrutiny in the literature. Acoustic analysis is perhaps the 
most commonly used objective method reported upon, although not all methods of 
acoustic analysis accurately assess vocal hyperfunction (Roy et al., 2013). Certain 
limitations of acoustic analysis include the potential errors in tracking the period of a 
speech signal and inadequacy when handling very divergent voices or unnatural phonetic 
contexts (sustained vowels versus conversational/running speech) (Speyer et al., 2004). 
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Many of multiparametric protocols that include acoustic analysis as an objective 
component are reported in a wide range of studies to complement “gold standard” 
perceptual ratings, but results are varied and tenuous at best. Some protocols purport 
acoustic analyses that correlate with perceptual qualities including overall severity, 
breathiness, and strain (Dejonckere et al., 2001; Edgar, Sapienza, Bidus, & Ludlow, 
2001; Hakkesteegt, Brocaar, Wieringa, & Feenstra, 2008; Hillenbrand & Houde, 1996; 
Rodríguez-Parra, Adrián, & Casado, 2011; Wuyts et al., 2000; Yu, Ouaknine, Revis, & 
Giovanni, 2001; Zwirner, Murry, & Woodson, 1993). It remains difficult to generalize 
the results from these studies due research-design related limitations such as unspecified 
variability in etiologies among patient groups, small sample sizes, and overall differences 
in methodologies of the protocols. Such disparities stem in large part from the lack of a 
universally accepted definition of vocal quality. Thus, phonetic context, auditory-
perceptual rating scale type, and acoustic parameters measured all contribute to issues 
with reliability, validity, and generalizability in multidimensional voice assessments 
(Leong et al., 2013; Speyer, 2008).  
Examining short-term phonatory behavior via relative fundamental frequency 
(RFF) in connected speech is a viable method for improving the internal consistency of 
acoustic analyses and in quantifying the severity of vocal hyperfunction (Maryn, 
Corthals, Van Cauwenberge, Roy, & De Bodt, 2010). Analyzing short-term variations in 
fundamental frequency directly preceding (offset) and following (onset) voiceless 
consonants has been shown as a promising method for distinguishing speakers with 
hyperfunctional voice from healthy individuals (Stepp, Hillman, & Heaton, 2010). Robb 
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& Smith (2002) have described typical RFF behavior in healthy speakers (both children 
and adults 21 years of age) to include small changes in the offset RFF and larger changes 
in the first cycle of onset RFF. While Robb & Smith (2002) report offset RFF changes to 
be between 0.50 and 1 semitone (ST), Lien, Gattucio, & Stepp (2014) report a slightly 
wider range between 0.44 and -0.84 ST, and note that in typical older speakers offset RFF 
can reach as low as -1.66 ST at vocal cycle 10. The larger changes in the first cycle of the 
onset RFF in healthy speakers range from 2.3 to 3.3 ST. In terms of disordered speakers, 
short-term changes in both onset and offset RFF values tend to be lower in comparison to 
healthy controls. Stepp et al. (2010) speculate that lower RFF values in speakers with 
vocal hyperfunction could be in part attributed to heightened baseline laryngeal tension. 
Additionally, RFF is a potentially sensitive measure in assessing changes in vocal 
hyperfunction over time and validating therapeutic outcomes. Voice therapy was shown 
to normalize RFF values in patients with vocal hyperfunction, indicating that RFF 
reflects behavioral changes in laryngeal function not seen in patients undergoing surgical 
intervention alone (Stepp et al., 2010; Stepp, Merchant, Heaton, & Hillman, 2011). 
Overall as an objective measure, RFF not only discriminates between healthy and 
disordered voices, but also shows potential in tracking changes in phonatory behavior and 
subsequently providing a means to comment on the efficacy of behavioral voice therapy 
(Goberman & Blomgren, 2008).   
Accurately quantifying the severity of vocal hyperfunction by means of acoustic 
analysis is in part predicated on the notion that acoustic measures should correlate neatly 
with auditory-perceptual dimensions of voice quality. Although the physiological basis of 
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variation in RFF is still uncertain, laryngeal tension is considered to be a potential 
mechanism (Stepp, 2013). Given this theory, it follows that the perceptual correlate of 
RFF would be a tense, strained, or effortful voice quality. Notably, measurements of RFF 
at voice onset correlate with the perception of vocal effort or strain as demonstrated by 
Eadie & Stepp (2013) in a study that examined patients with adductor spasmodic 
dysphonia (ADSD). This evidence provides an impetus for evaluating the auditory-
perceptual correlates of RFF across varying speaker types in order to better assess the 
accuracy of the measure in predicting severity of vocal hyperfunction.  
 The Analysis of Dysphonia in Speech and Voice (ADSV) software from 
KayPENTAX
®
  has recently become available to researchers and clinicians alike 
(Analysis of Dysphonia in Speech and Voice, 2011). The ADSV software automatically 
analyzes speech samples and returns a variety of statistics, one being the cepstral/spectral 
index of dysphonia (CSID). The cepstrum was initially described by Noll (1964) as a 
Fourier transform of the logarithm power spectrum of an acoustic signal to track 
fundamental frequency (Awan, Roy, Jetté, Meltzner, & Hillman, 2010; Peterson et al., 
2013). Awan, Roy, and Dromey (2009) describe a regression model to calculate the 
CSID, which includes the discrete Fourier transformation ratio (a low/high frequency 
energy measure of spectral tilt referred to as the DFT Ratio), the standard deviation of the 
DFT Ratio, as well as the cepstral peak prominence (CPP), which is the ratio of the 
amplitude of the CPP to the expected cepstral amplitude (Awan, Roy, & Dromey, 2009). 
As indicated by the regression model, a high amplitude cepstral peak is attributed to a 
highly periodic acoustic signal with a well-defined fundamental frequency (meaning a 
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healthy voice). In contrast, a low amplitude cepstral peak is a function of disturbed 
periodicity typical of disordered voices. The CSID has been touted as a sensitive measure 
in predicting the overall severity of vocal quality in individuals with dysphonia, 
breathiness being the most highly correlated vocal dimension (Awan et al., 2010; Awan 
& Roy, 2009; Heman-Ackah, Michael, & Goding Jr., 2002; Lowell, Colton, Kelley, & 
Mizia, 2013). Peterson et al. (2013) support utilizing the CSID as a robust measure for 
tracking treatment outcomes given it is shown to be valid in both sustained and connected 
speech, can be used across diverse diagnoses and severity levels, and its ratings were 
strongly related to listener perceptions. Recent research also suggests that the CSID 
correlates with vocal effort or strain in addition to overall severity (Lowell, Kelley, 
Richard, Awan, Colton, & Chan, 2012), however a different regression model is needed 
in order to better distinguish types of strain as well as strain from other vocal dimensions 
such as breathiness and roughness (Roy, Mazin, & Awan, 2013). Further scrutiny of the 
CSID as a measure for predicting overall severity as well as discrete perceptual correlates 
of vocal quality including breathiness, roughness, and strain is warranted.  
An overarching theme in the literature is the need for reliable, valid, noninvasive, 
objective methods to accurately assess and track therapeutic outcomes in patients with 
vocal hyperfunction. Two promising objective measures discussed include acoustic 
analysis via measures of relative fundamental frequency (RFF) and the cepstral/spectral 
index of dysphonia (CSID). The goal of this project is to differentially examine these 
measures in relation to perceptual correlates including vocal effort/strain, roughness, 
breathiness, and overall severity as described in the CAPE-V in order to discern which of 
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the two objective measures best quantifies listener perception across these four domains. 
Given the current available evidence, it is expected that RFF will best predict vocal 
effort/strain, and the CSID will best predict overall severity and breathiness.  
Statement of Purpose 
 The purpose of this project was to differentially examine the relationship of two 
acoustic measures, relative fundamental frequency (RFF) and the cepstral/spectral index 
of dysphonia (CSID) to listener perceptions of voice quality across four dimensions: 
breathiness, roughness, strain, and overall severity. It was expected that measures of RFF 
would have a strong negative correlation with listener perception of strain/vocal effort. 
For example, a voice sample that is perceptually rated by a listener as maximally strained 
would likely also have significantly lowered short-term changes in RFF offset and onset. 
Next, it was expected that measures of the CSID would have a strong positive correlation 
with listener perception of overall severity and breathiness. For example, if a voice 
sample was measured to have a high CSID, indicative of high overall severity, this voice 
sample would likely be perceptually rated as maximally breathy and/or overly severe by 
listeners. The expected correlation for the fourth percept of roughness was not explicitly 
stated due to a lack of evidence for support of one measure over another. For example, in 
a study looking at acoustic predictors of vocal quality in women with functional 
dysphonia, the percept of roughness attributed to aperiodicity of vocal fold vibrations was 
found to be related to measurements of shimmer (Awan & Roy, 2005). Shimmer 
measures cycle-to-cycle variations in fundamental frequency and waveform amplitude 
but has unsatisfactory reliability, sensitivity, and specificity, and it is not an analytical 
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method being employed in this project (Brockmann, Drinnan, Storck, & Carding, 2011). 
Therefore, it was uncertain whether roughness would be better predicted by measures of 
RFF or by the CSID. 
Taken together, the results observed will allow for recommendations of objective, 
non-invasive voice assessment techniques specific to certain voice qualities, namely 
roughness, breathiness, strain, and/or overall severity.  
Methods 
This project was comprised of three main components. The first included 
calculations of relative fundamental frequency (RFF) using Praat acoustic analysis 
software (Boersma & Weenink, 2008). The second included calculations of the 
cepstral/spectral index of dysphonia (CSID) using the Analysis of Dysphonia in Speech 
and Voice (ADSV) software from KayPENTAX
®
 (Analysis of Dysphonia in Speech and 
Voice, 2011). Lastly, an auditory perceptual experiment was conducted to estimate 
listener perception of vocal effort, overall severity, breathiness, and roughness. The 
procedures of each component part are discussed below. 
Participants 
Speakers 
        The acoustic recordings used in this project were culled from a database of de-
identified voice samples that included both healthy and disordered speakers collected by 
researchers at the Boston University (BU) Stepp Lab for Sensorimotor Rehabilitation 
Engineering and the Center for Laryngeal Surgery and Voice Rehabilitation at 
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Massachusetts General Hospital (MGH). A total of 73 speakers across two groups 
(healthy and disordered) made up the voice corpus for this project. The healthy speakers 
consisted of 13 individuals (3 male) with a mean age of 28 years (SD 11.5) who had 
typical voices and no history of speech-language or hearing services. The disordered 
speakers included 60 individuals (6 male) with a mean age of 37.4 years (SD 16.1) who 
displayed a range of perceptual voice characteristics (e.g., breathiness, roughness, and 
strain) across a range of overall severities. Many speakers had  “primary” vocal 
hyperfunction (VH), indicating voice disorders thought to be caused by poor vocal 
behaviors. These included VH in isolation (i.e., muscle tension dysphonia) as well as VH 
accompanying organic changes to the folds such as vocal nodules, polyps, and Reinke’s 
Edema. Some speakers in this group had “compensatory” VH, indicating that the excess 
muscle tension may be in response to underlying glottal insufficiency perhaps due to 
paralysis or paresis. Speakers in the disordered group were diagnosed by board-certified 
laryngologists either at Boston Medical Center or Massachusetts General Hospital. 
Listeners 
        Participants in the auditory perceptual experiment were recruited using flyers 
placed throughout the BU Charles River Campus and the surrounding community. A total 
of 12 listeners (5 male) with a mean age of 22.5 (SD 2.1) who presented with typical 
hearing and no history of speech-language or hearing services participated in the 
experiment. All participants were screened for normal hearing prior to beginning the 
experiment using pure tone air conduction at 25 dB HL at 500, 1k, 2k, and 4k Hz on a 
portable audiometer (Grason-Stadler GSI 17). All participants were “naïve” listeners in 
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that they had no experience with listening to or rating disordered voices. 
Naïve/inexperienced listeners were preferred for this perceptual experiment based on 
conclusions drawn by Eadie & Baylor (2006) indicating that inexperienced listeners may 
provide more reliable responses in comparison to experienced listeners. Experienced 
listeners may have widely varying internal standards for what constitutes “severe” across 
the percepts in question due to their encounters with clinical populations, whereas 
inexperienced listeners likely have similar approaches when judging vocal quality as they 
use strategies best suited for the general population.  
Data Recording 
        All acoustic recordings done by BU investigators were made in a sound treated 
room using a portable digital audio recorder (Olympus LS-10 Linear PCM Recorder) at 
44.1 kHz, 16 bit, and a headset microphone (Shure WH20QTR). The microphone was 
placed at a 45-degree angle from the midline at a distance of 6 cm from the lips. All 
acoustic recordings made at the MGH Voice Center Research Laboratory were made 
using a cardioid condenser microphone (Sennheiser MKE104), amplifier (Axon 
Instruments CyberAmp 380), AD converter (Axon Instruments Digidata 1440A), and 
Axoscope software. Participants read two sentences: “Nelly found new fabric while Ray 
fell down,” and “Only we feel you do fail in new fallen dew,” in their natural speaking 
voice (Lien, Gattuccio, & Stepp, 2014). 
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Relative Fundamental Frequency (RFF) 
        The procedures for this component of the project were closely modeled on the 
work of Stepp, Hillman, & Heaton (2010) looking at RFF during voicing offset and 
onset. Time waveforms of each acoustic sample were displayed in Praat (Boersma & 
Weenink, 2008), and pitch settings were adjusted depending on the sex of the speaker, 
with males between 60Hz–300Hz and females between 90Hz–500Hz. In each of the two 
sentences, specific word pairs were identified in order to analyze the voiced-voiceless-
voiced combinations for offset and onset RFF. For example, in the sentence “Nelly found 
new fabric while Ray fell down,” the following three word pairs were selected: “Nelly 
found,” “new fabric,” and “Ray fell.” These word pairs were further selected for the 
voiced-voiceless-voiced combinations: /ɪfɑʊ/, /ufæ/, and /eɪfɛ/. Using the pulse function 
in Praat, 10 cycles directly before (offset RFF) and after (onset RFF) the voiceless 
consonant were selected for analysis. The instantaneous fundamental frequency was 
calculated as the inverse of each period. Then, each frequency was converted into 
semitones (ST). Because RFF measures changes in the instantaneous fundamental 
frequency (F0) compared to a baseline (F0ref), a baseline in this case was the F0 of the 
tenth cycle furthest away from the voiceless consonant. Thus, for the calculation of the 
offset RFF, the F0 of offset cycle 1 was chosen as the F0ref, and for the calculation of the 
onset RFF, the F0 of onset cycle 10 will be chosen as the F0ref (Stepp, Hillman, et al., 
2010). The following formula for conversion of F0 to semitones was used: 
RFF (ST) = 39.86 × log10 (F0 / F0ref) 
The average RFF at offset cycle 10 and onset cycle 1 was calculated for each speaker. 
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Each ST was averaged across three - six target instances of voiced-voiceless-voiced 
combinations (maximum of three per sentence x two sentences) in order to provide a 
more stable estimate of RFF, in approximate accordance with work done by Eadie & 
Stepp (2013). The criterion for exclusion of a target instance was if the magnitude of 
either the second cycle in the offset segment or the ninth cycle the onset segment was 
greater than 0.8 ST, indicating lack of a steady state. If a speech sample contained “vocal 
fry” or glottalization, the lack of periodicity in the waveform prevented accurate 
estimation of the RFF for a given target instance. Thus, that instance would be rejected 
and the remaining productions were used in calculating the average offset and onset RFF 
values for the speaker.  
        Inter-rater reliability was assessed by having an additional researcher 
independently analyze 10% of the voice samples, yielding a Pearson’s correlation of r= 
0.96. Similarly, intra-rater reliability was assessed by having the first researcher re-
analyze 10% of the samples three months post initial calculation, yielding a Pearson’s 
correlation of r= 0.94. 
Analysis of Dysphonia in Speech and Voice (ADSV) 
       To utilize the Analysis of Dysphonia in Speech and Voice (ADSV) software from 
KayPENTAX®, all audio files with a sampling rate of 20 kHz were upsampled to 25 kHz 
using Matlab (MATLAB, 2014). Next, each individual audio file was cropped using Praat 
(Boersma & Weenink, 2008) so that there was approximately 0.1 seconds of silence 
before and after the spoken target. This was done to minimize variations in length of 
silence among the audio files. Audio files were also amplitude normalized to peak 
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intensity using Matlab prior to processing them in ADSV. The ADSV Batch Mode 
command was then used to generate the values for calculating the cepstral/spectral index 
of dysphonia. The CSID was calculated manually using the following regression formula 
described by Awan et al. (2009) to predict dysphonic severity in continuous speech: 
CSID = 154.59  - (CPP x 10.39) - (DFTR SD x 3.71) -  (DFTR x 1.08) 
The cepstral peak prominence (CPP), discrete Fourier transformation ratio (DFTR, also 
L/H mean) and DFTR standard deviation are values reported via the ‘Batch Mode’ 
command in the software.  
        Inter-rater reliability was assessed by having a second researcher independently 
calculate the CSID for 5 of the samples that were randomly selected. Inter-rater reliability 
was calculated due to concerns for the robustness of the ADSV “batch mode” command 
and subsequent differences in the results. For example, calculations of the CSID have 
been shown to vary depending on the amount of silence before and after the speech 
sample included in the audio clip. Thus, the second researcher followed the same 
protocol as the primary researcher described in the methods, including cropping, 
upsampling, and amplitude normalizing the sound files. The Pearson’s correlation was r= 
0.99. Intra-rater reliability was assessed by having the first researcher recalculate the 
CSID for 5 randomly selected samples following the original protocol. Pearson’s 
correlation was r= 0.99. Both inter and intra-rater correlations for calculations of the 
CSID were judged to be very high, thus indicating robust reliability for this measure.  
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Auditory Perception 
        The goal of this section of the project was to collect data on listener perception of 
breathiness, roughness, strain/vocal effort (VE), and overall severity (OS) from all of the 
voice samples in order to determine the relationships between these percepts and RFF 
and CSID. 
Preliminary Ratings 
         All voice recordings used in the experiment were first appropriately upsampled, 
cropped, and amplitude normalized as specified previously before being rated by three 
semi-expert listeners who were members of the BU Stepp Lab for Sensorimotor 
Rehabilitation Engineering. The three listeners independently listened to each of the 146 
audio files and completed a CAPE-V for each speech sample. Ratings for breathiness, 
roughness, strain, and overall severity were averaged for each audio file across the three 
listeners. For each vocal hyperfunction category, around 20% of the samples (i.e. 29 out 
of 146 samples) were randomly selected and repeated in order to assess intra-rater 
reliability. Next, the 175 audio files (146 + the 20% repeated) were categorized as mild, 
moderate, or severe based on the average ratings culled for each vocal hyperfunction 
category. The audio files were sorted into a total of 21 sets in each category, with each set 
containing a range of severities that approximated the overall distribution of the data set.  
Experiment 
 The experiment was implemented using a visual sort and rate (VSR) method as 
described by Granqvist (2003). Participants (n=12) completed four VSR conditions 
(breathy, strain, rough, overall severity) over a 2–3 day time period, averaging 
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approximately 3 hours in total. The VSR graphical user interface (GUI) was displayed on 
the left of two monitors using MatLab version R2014b. Presentation of VSR conditions 
was randomized across participants. Prior to each VSR condition, participants were 
provided with an operationalized definition of the percept at hand cited from the CAPE-V 
(see appendix) as well as speech samples not included in the experiment for 
familiarization. The definition was read aloud to each participant and presented in a text 
document on the right of the two monitors. The speech samples used for familiarization 
were sourced from the CAPE-V Simulations website (University of Wisconsin; see 
appendix) and selected for their exemplification of the given percept. Participants were 
presented with a mild sample followed by a severe sample in each category so as to 
illustrate the potential range of the vocal hyperfunction. All audio was played through a 
MOTU audio-card (UltraLite-mk3) at -35dB using Sennheiser HD 280 pro headphones. 
Presentation of sets was randomized within each VSR condition for each participant, as 
well as the presentation of audio clips within each set across participants.  
In each VSR condition, participants were asked to rank the audio clips based on 
the perceived level of either breathiness, roughness, strain, or overall severity. 
Participants were instructed to then rate each of the sound clips using the 0–100 scale, 
with 0 being the least severe and 100 being the most severe for the vocal hyperfunction 
category under test.  
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Data Analysis 
After all of the audio files were rated, the mean for each speaker in each category 
was calculated by averaging the scores across stimuli and listeners. Inter-rater reliabilities 
were calculated using the intra-class correlation, ICC (2, k). The inter-rater reliabilities 
for OS, roughness, breathiness, and strain were 0.97, 0.98, 0.99, and 0.98 respectively. 
Intra-rater reliability for each listener was calculated using the Pearson’s correlation on 
the 29 repeated sound clips. The average intra-rater reliability was 0.70.  
        The Pearson’s correlation coefficient between RFF, CSID, and perceptual ratings 
of the voice samples across the four percepts were calculated in order to comment on the 
relationship between calculations of RFF and CSID and the current “gold standard” of 
listener perception. 
Results 
        The hypotheses of the study were that measures of RFF would have a strong 
negative correlation with listener perception of strain/vocal effort, and that measures of 
CSID would have a strong positive correlation with listener perception of overall severity 
and breathiness. The resulting Pearson’s correlations are reported below, however the 
weight of the findings must be considered in the context of an additional caveat 
concerning differentiation of the perceptual qualities.  
Auditory Perception and CSID 
 Of the four perceptual qualities the strongest correlation was between listener 
perception of breathiness and measures of the CSID, with a moderate Pearson’s r = 0.68. 
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This is consistent with predictions based on current literature as described previously 
(Awan et al., 2010; Heman-Ackah et al., 2002; Lowell et al., 2013). The correlations 
between CSID measures and listener perception of strain (r= 0.54), roughness (r= 0.55), 
and overall severity (0.56) were also moderate.  
Auditory Perception and RFF 
 The highest correlations between listener perception and RFF were with the 
measurements of voice onset (cycle 1) as opposed to voice offset (cycle 10). This echoes 
the research of Eadie & Stepp (2013) in which measurements of RFF at voice onset 
correlated with the listener perception of strain. The correlations between RFF at voice 
onset and listener perception of breathiness (r= -0.48), strain (r= -0.43), roughness (r= -
0.34), and overall severity (r= -0.38) are weak.  There was no relationship between the 
four perceptual qualities and RFF at voice offset. Of note, the expected distinction 
between RFF values in healthy and disordered speakers was observed, namely that the 
disordered speakers displayed lowered short-term changes in RFF at voice offset and 
onset. 
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Fig. 1: Mean values of RFF for control and disorder speakers. Error bars indicate 
standard deviation. 
 
RFF and CSID as a Function of Speaker Type 
The correlations were additionally examined as a function of speaker type within 
the disorder group. Namely, the disordered speakers were further categorized as either 
primary VH (eg. muscle tension dysphonia) or compensatory VH (eg. nodules) based on 
available diagnostic information in the database. Of the 60 speakers in the disorder group, 
8 were excluded from this portion of the analysis due to lack of a clear diagnosis for 
primary or compensatory VH. There were 36 speakers identified with compensatory VH, 
and 16 speakers identified with primary VH. Of note, correlations between the four 
perceptual qualities and measures of RFF at onset cycle one and CSID were higher in the 
primary VH group than in the compensatory VH group as shown in the tables below. 
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Primary VH 
 
CSID RFF onset cycle 1 
Overall Severity 0.71 -0.66 
Breathiness 0.91 -0.82 
Roughness 0.74 -0.69 
Strain 0.64 -0.69 
Table 1 - Pearson’s correlations of mean listener ratings across four perceptual categories and 
measures of CSID and RFF in primary VH group 
 
 
Compensatory VH 
 
CSID RFF onset cycle 1 
Overall Severity 0.44 -0.24 
Breathiness 0.54 -0.23 
Roughness 0.45 -0.18 
Strain 0.43 -0.30 
Table 2 - Pearson’s correlations of mean listener ratings across four perceptual categories and 
measures of CSID and RFF in compensatory VH group 
 
While the greater number of speakers in the compensatory group likely contributes to the 
differences observed in the Pearson’s correlations, the distribution of severity ratings was 
similar across the two groups in range. Thus, future considerations of this study that 
examine objective measures as a function of speaker type is warranted to better 
understand the likely contribution to these differences to the specificity of the measures. 
Caveat: Differentiation of Perceptual Qualities 
 An unexpected result with a significant impact was found to be that listeners’ 
ratings of the four voice qualities were highly correlated with one another.  
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Overall Severity Breathiness Roughness 
Overall Severity -- -- -- 
Breathiness 0.83 -- -- 
Roughness 0.94 0.83 -- 
Strain 0.97 0.83 0.92 
Table 3 - Pearson’s correlations of mean listener ratings across four perceptual categories 
 
These strong positive correlations indicate that as listeners rated a voice sample highly 
for one percept (eg. a rating of 80 for roughness), they rated them equally highly for the 
remaining three percepts. High positive correlations among the perceptual ratings may be 
attributed to a variety of factors to be addressed at length in the discussion. Ultimately, 
this means that the dataset of speakers selected did not represent a range of voice 
qualities that were more salient for one percept over another. Unfortunately, the poorly 
differentiated perceptual ratings significantly impact the goals of this project in addition 
to limiting the applicability of its results. Thus overall, the correlations between measures 
of RFF, CSID, and distinct qualities of listener perception are rendered uninterpretable 
because of the similarity across breathiness, roughness, strain, and overall severity.  
Discussion 
Reliable, valid, non-invasive, objective measures of vocal hyperfunction are 
critically needed in order to accurately assess and track therapeutic outcomes. This is 
especially salient and relevant in the context of promoting evidence based practice (EBP) 
in the field of speech-language pathology and improving inter-rater reliability among 
clinicians (Dollaghan, 2007). Current literature points towards employing two types of 
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acoustic analyses to achieve this: measures of relative fundamental frequency (RFF) and 
measures of the cepstral/spectral index of dysphonia (CSID). The purpose of this project 
was to differentially examine these two measures in relation to listener perception of the 
four vocal qualities identified in the CAPE-V (strain, roughness, breathiness, and overall 
severity). Doing this would signify which of the two objective measures best quantifies 
listener perception across these four dimensions of voice quality.  
The hypothesis of this project was that measures of RFF would have a strong 
negative correlation with listener perception of strain. For example, a voice sample that 
was perceptually rated by a listener as maximally strained would also have significantly 
lowered short-term changes in RFF offset and onset. Additionally, it was expected that 
measures of the CSID would have a strong positive correlation with listener perception of 
overall severity and breathiness. For example, if a voice sample was measured to have a 
high CSID value, indicative of high overall severity, it was expected that this sample 
would likely be perceptually rated as maximally breathy and/or overly severe by 
listeners.  
The resulting Pearson’s correlations between measures of RFF, CSID, and listener 
perception of strain, roughness, breathiness, and overall severity were not supportive of 
the hypotheses. An unexpected finding was that listeners’ ratings of the four voice 
qualities were highly correlated with one another, which ultimately rendered the 
aforementioned results as uninterpretable. This is not to say, however, that such an 
outcome does not lend itself for a fruitful discussion about methodological considerations 
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for measuring auditory perception of voice quality. While the results are effectively null, 
necessary insight for future iterations of such a project are nevertheless deemed valuable. 
Methodological Considerations 
 The biggest contribution as to why the results were incongruent with the 
anticipated outcome relates to poor selection of the voice corpus. After having collected 
the preliminary perceptual ratings from the three semi-expert listeners, who were 
members of the BU Stepp Lab for Sensorimotor Rehabilitation Engineering, an additional 
step should have been taken to tailor the voice corpus. This would have been done by 
gathering the average ratings across listeners for the four percepts, calculating the 
Pearson’s correlations for said ratings, and removing speakers systematically to lower the 
resulting correlations and create a dataset in which not all samples were highly correlated 
from one percept to another. However, while this methodological misstep made the 
discrimination between the acoustic measures and specific perceptual qualities 
impossible, the results do suggest that the measures are generally related to listener 
perception of overall severity, which is still clinically applicable. This notion harkens 
back to previous research that suggests listeners may be unable to selectively attend to 
and parse out individual parameters from a multidimensional signal like the human voice 
(Kreiman & Gerratt, 2000; Eadie & Doyle, 2005). Thus, these findings give support to 
global judgments of overall severity being more clinically reliable and valid given that 
perception of vocal quality is best understood as gestalt process (Kreiman, Gerratt, & Ito, 
2007).  
 Another consideration about the speakers in this experiment was the fact that the 
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gender ratio of males to females was not balanced. While this is not an ideal scenario, this 
is justified by the fact that females are more likely to present with voice problems 
(Bhattacharyya, 2014). Thus, the voice corpus was judged to be a realistic sampling.  
A consideration about the listeners in this perceptual experiment includes 
potential sources of error. Namely, a potential source of listener error (aside from 
difficulty differentiating unique perceptual qualities from multidimensional voice signal) 
could have been poor understanding of the percept definitions (Eadie & Doyle, 2005). 
Perhaps more comprehensive training for the listeners before starting the experiment 
would have increased their ability in identifying the individual perceptual dimension in 
question. For example, in addition to being provided a definition and listening to two 
sound clips that illustrated a mild and a severe sample, listeners could have been 
presented multiple sound clips for each percept, or sound clips that were in clear contrast 
to one another among the percepts (strain vs. breathy, etc.). Difficulty with listener 
agreement of type of voice quality as well as the amount it is present in a voice (it’s 
“weight”) is often a source of disagreement in perceptual assessments (Kreiman & 
Gerrat, 1998). However, both inter and intra-rater reliability in the current study was 
strong. Inter-rater reliabilities were calculated using the intra-class correlation, ICC (2, k), 
with the values for OS, roughness, breathiness, and strain being 0.97, 0.98, 0.99, and 0.98 
respectively. Intra-rater reliability for each listener was calculated using the Pearson’s 
correlation on the 29 repeated sound clips, with the average being 0.70. These results 
support both adequate training and agreement among the listeners.  
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Limitations and Future Directions 
 Subsequent iterations of this study should undoubtedly employ a large voice 
corpus that has been carefully selected for differentiation of vocal qualities across 
percepts by reducing correlations systematically as detailed above. Additionally, it would 
be beneficial to include more voices in the moderate/severe range across perceptual 
categories. The voice corpus for the current study, while it included healthy, non-
pathological voices purposefully, still included a larger proportion of voices that were 
rated as mild on the CAPE-V VAS scale than moderate or severe according to the 
preliminary perceptual ratings. A distribution that is more equally proportioned across the 
spectrum of severity would thus increase validity of the study. Additionally, examining 
the acoustic measures as a function of type, i.e. primary VH versus compensatory VH, 
would provide further validation of the measures in terms of clinical application with 
specific subsets of the population. Lastly, implementing automated measurements of RFF 
as opposed to those taken manually would increase the objectivity of the measure by 
reducing variations among clinicians in terms of tracking the period, as well as reduce 
time constraints when performing manual estimations (Lien & Stepp, 2013).  
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APPENDIX 
I. CAPE-V Definitions 
Overall Severity: Global, integrated impression of voice deviance. 
Roughness: Perceived irregularity in the voicing source. 
Breathiness: Audible air escape in the voice. 
Strain: Perception of excessive vocal effort (hyperfunction). 
 
II.  Familiarization Voice Samples 
Voice Disorders: Simulations and Games website 
http://csd.wisc.edu/slpgames/index.html  
       Percept           Mild             Moderate/Severe 
OS    2_5   8_2 
 
Rough   3_1   2_4 
 
Strain   6_3   9_5 
 
         Breathy            3_2           5_1 
 
The first number preceding the underscore indicates which Simulation box to select; the 
second number following the underscore indicates which tab within that box was used. 
The Recorded Samples -> CAPE-V sentences were presented to listeners.  
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